The maternal transcript of the anterior segmentation gene bicoid (bcd) is localized at the anterior pole of the Drosophila egg and translated to form a gradient in the nuclei of the syncytial blastoderm embryo after fertilization [1-3]. The nuclear gradient of Bcd proteina transcription factor -leads to differential expression of zygotic segmentation genes. The rapid nuclear division during this stage [4] requires that Bcd quickly enters the nuclei after each mitosis using an active nuclear import system. Nuclear transport depends on the asymmetrical distribution of two forms of the small GTPase Ran: Ran-GTP is concentrated in the nucleus and Ran-GDP in the cytoplasm [5] [6] [7] [8] . Ran requires RanGTPase-activating protein-1 (RanGAP1) on the cytoplasmic side of nuclear pore complexes to convert Ran-GTP to Ran-GDP. In vitro studies with vertebrate proteins demonstrate that the RanGAP1 associated with the nuclear pore complex is modified with small ubiquitin related modifier-1 (SUMO-1) by a ubiquitinconjugating enzyme (E2 enzyme) [9] [10] [11] [12] [13] [14] [15] . Here, we show that mutation of the Drosophila semushi (semi) gene, which encodes an E2 enzyme, blocks nuclear import of Bcd during early embryogenesis and results in misregulation of the segmentation genes that are Bcd targets. Consequently, semi embryos have multiple defects in anterior segmentation. This study demonstrates that an E2 enzyme is required for nuclear transport during Drosophila embryogenesis. 
The semi mutation was isolated as a P-transposon-induced allele l (2) 02858 (semi 2858 ) by the Berkeley Drosophila Genome Project (BDGP; http://www.fruitfly.org) in the course of investigating the polytene chromosome region 21C. This original allele and many of its excision derivatives cause late embryonic or first instar larval lethality when homozygous, and the mutant animals lose the anterior half of their body structures (Figure 1 ). The semi embryos resemble intermediate bcd and hunchback (hb) mutants, so this mutation was named semushi, which means hunchback in Japanese. The semi cuticle defects vary from being very minor, where the embryos lack only a part of the first thoracic segment T1, to being very severe defects, where embryos lack segments from T1 to the fifth abdominal segment A5. In contrast, the posterior half of the body is always normal, as in the wild type. The head structures of the semi mutant embryo appear to be normal in the embryos with defects of intermediate severity, whereas head deformities become evident in embryos with severe segmental defects (data not shown). The variation in semi cuticle patterns is apparently because of a maternal contribution of semi function (Figure 1d ). Removal of semi function in the female germline increases the number of semi embryos with severe cuticle defects from about 10% to 60%; the severity of the defects observed does not increase, however. Embryos without the maternally inherited semi product are rescued zygotically by one wild-type copy from the father, thus semi cannot be considered a true maternal-effect gene.
To understand the molecular basis of the semi phenotype, we analyzed the genomic DNA flanking the original P-transposon insertion by Southern blot, PCR and DNA sequence analyses [16] using genomic clones derived from the 21C6-7 polytene region of the Drosophila genome. Genomic Southern analysis using the λ phage clone S2-6 [17] as a probe revealed structural changes in the semi 2858 allele and its excision alleles compared with wild-type alleles. Most structural changes observed in these lines were located within the proximal half of S2-6. We determined the DNA sequence of this region and subjected it to a BLAST search against the Drosophila expressed sequence tag (EST) database. Among several cDNA clones corresponding to this region, the longest clone, LD12093, allowed us to construct one gene sequence with a 79 bp intron in its 5′ transcribed, untranslated region (UTR). The P element is inserted 560 bp downstream of a putative polyadenylation signal of this gene. This P-element insertion is responsible for the semi 2858 allele because we were able to isolate a viable revertant allele after precise excision of this element. Another P element is inserted in the 5′ UTR of the same gene, and is listed as l(2)05486 by BDGP. The semi 2858 and l(2)05486 mutations genetically interact with each other, suggesting that they are alleles of the same gene. Detailed analysis of these alleles is described in the Supplementary material published with this paper on the internet. As the most definitive evidence that we have isolated the semi gene, RNA derived from the full-length cDNA clone LD12093 rescued the semi cuticle phenotype when semi mutant embryos at the syncytial blastoderm stage were injected into the anterior end. Taking all our observations together, we conclude that the gene we have isolated is semi.
Sequence analysis of the LD12093 clone indicated that semi encodes an E2 enzyme of 159 amino acids, and that it belongs to the budding yeast Ubc9 ubiquitin-conjugating enzyme family. Semi protein shows 85%, 85%, 81%, 67% and 52% identities with human, African clawed frog, golden hamster, fission yeast and budding yeast Ubc9 homologues, respectively (see Supplementary material). Although these E2 enzymes contain the consensus sequence for ubiquitin conjugation, they are likely to be used for SUMO-1 conjugation instead of ubiquitin conjugation [14] . Furthermore, the functional similarity between the Drosophila and the yeast UBC9 gene has been demonstrated by the rescue of a yeast UBC9 mutation by the Drosophila homologue [18] . The semi E2 enzyme might also be capable of conjugating SUMO-1 to its targets such as RanGAP1.
To determine how semi functions in the genetic hierarchy of Drosophila segmentation, we began by examining the zygotic expression of the transcription factors Hb, Krüppel (Kr), Knirps (Kni) and Even-skipped (Eve) in semi mutant embryos by immunohistochemistry ( Figure 2 ). We stained embryos of mixed genotypes produced from a genetic cross generating semi germline clones. The first class lacks both maternal and zygotic semi function, and the second lacks only maternal semi function. The levels of Hb and Kr proteins were strongly reduced in the embryos in the first class. In some cases, the width of the Kr staining domain became narrower than that in wild type, and its location was found slightly shifted anteriorly (Figure 2f ). The change in Kr distribution and protein level can be explained by the reduction in the level of Hb protein as hb controls Kr expression [19] . The patterns of Kni and Eve protein distribution were altered as would be expected in embryos with low levels of Hb and Kr [1] [2] [3] . These observations indicate that out of the hierarchy of anterior segmentation proteins, defective development of the semi mutant embryo is probably due to the extremely low abundance of Hb protein.
The hb gene is at the top of the hierarchy of zygotic anterior segmentation genes [1] [2] [3] . To determine how the semi mutation causes such a drastic reduction in the level of zygotic Hb protein, we examined how bcd is expressed in semi and wild-type embryos as Bcd is the key maternal transcriptional activator of hb expression [20, 21] . Patterns of Bcd distribution in the embryo (Figure 3a,b) as well as the localization of bcd mRNA (data not shown) were quite similar among all embryos including control Oregon R embryos. We noticed, however, that these embryos formed two groups with respect to Bcd cellular localization. These groups correspond firstly to embryos with one wild-type semi gene derived from the father and secondly to those without semi function. The first group had Bcd protein distinctly concentrated in the nuclei as in wildtype embryos (Figure 3a ). This specific cellular localization indicates that Bcd is actively imported into the nucleus. On the other hand, the second group of embryos did not have such clear localized Bcd staining patterns (Figure 3b ). This initial observation was confirmed by confocal microscopy ( Figure 3c,d) ; our confocal images clearly show that there is no nuclear staining of Bcd in semi mutant embryos (Figure 3d ). The semi transcript accumulates at the anterior end of syncytial blastoderm embryos (Figure 3e ), indicating a role for semi in this region. These observations support our hypothesis that semi function is required for nuclear import of Bcd. This reduced level of nuclear localization of Bcd protein provides an explanation for the low levels of hb expression in semi embryos (confirmed by in situ mRNA hybridization, data not shown).
This transport system that is facilitated by semi might be specific to Bcd, at least during early Drosophila embryogenesis. First, in semi embryos there was normal accumulation of Hb protein in the nucleus (Figure 3f ), indicating that Hb was correctly imported. In addition, semi mutant cuticle patterns indicate that posterior segmentation genes function correctly (Figure 1 ). We also found 10 other E2 enzymes in the Drosophila EST database; the highest identity any of them had to Semi was 39% (see Supplementary material). Some of them might have a function similar to that of the semi E2 enzyme -three of them are indeed found in the EST database of ovarian and embryonic cDNA clones, which indicates that they might contribute maternally to the egg. Thus, these E2 enzymes might be available for nuclear transport systems during embryogenesis, and they could substitute for semi function in the posterior half of the embryo. If other Drosophila E2 enzymes could be involved in nuclear transport, this would be an attractive model that explains the specificity of nuclear transport. Alternatively, there could be several possible nuclear transport systems for different nuclear proteins.
We have identified semushi, a mutation of a gene encoding a Drosophila E2 enzyme of the Ubc9 family. This work reveals the function of an active nuclear transport system in the import of Bcd protein during early Drosophila embryogenesis. In semi embryos, nuclear import of Bcd is specifically blocked, resulting in loss of the anterior half of the larval body structure. This in turn indicates that the mere presence of appropriate levels of Bcd in the embryo is not sufficient for complete anterior patterning. Bcd protein must be specifically transported into the nucleus, where it can activate other genes required to specify anterior structures. Thus, our findings emphasize that nuclear import of transcription factors such as Bcd is essential in Drosophila development. Mammalian and amphibian E2 enzymes of the Ubc9 family conjugate SUMO-1 to RanGAP1 [13] [14] [15] , and the RanGAP1-SUMO-1 complex then associates with Ran-binding protein 2 (RanBP2) to convert Ran-GTP to Ran-GDP [9] [10] [11] [12] , which establishes in part the asymmetrical distribution of Ran-GTP and Ran-GDP in the cell. Likewise, this scenario may be true in Drosophila embryos, because the Drosophila EST database contains a SUMO-1 and a RanGAP1 homologue. The conjugation of SUMO-1 to RanGAP1 by the semi E2 enzyme might be required for correct nuclear import, in this case of Bcd protein, although semi function could be required for the modification of other proteins essential for Bcd nuclear transport. Nevertheless, our results indicate the possible connection of the function of an E2 enzyme of the Ubc9 family to nuclear import in Drosophila.
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Figure 2
Immunolocalization of Hb, Kr, Kni and Eve in wild-type and semi mutant embryos. (a-d) Wild-type and (e-h) semi embryos at the syncytial blastoderm stage were stained with antibodies against (a,e) Hb, (b,f) Kr, (c,g) Kni, and (d,h) Eve, and observed with Nomarski optics. (e,f) Hb and Kr proteins are at almost undetectable levels. Whereas Kr protein is undetectable in severe cases, Kr distribution in (f) represents the case for embryos with a weaker semi phenotype that show a slight anterior shift and a narrow Kr domain because they have less Hb [1] [2] [3] . (c,g) The level of Kni in the semi mutant is similar to that in wild-type embryos, but the position of the Kni stripe is shifted distinctly anteriorly, which is explained by the reduced level of Kr. (h) As in other segmentation gene mutations [1] [2] [3] , Eve stripes are drastically mislocated in semi embryos. There are three broader bands and two very faint bands present in the semi embryo (h) instead of the seven evenly spaced bands of equal width in (d) wild type. This semi mutant Eve stripe pattern can be explained by the reduced levels of Hb and Kr. Together, the expression patterns of these proteins explain reasonably well the cuticle patterns of the semi mutant embryos (Figure 1 ). Rat anti-Hb, anti-Kr and anti-Kni antibodies were diluted to 1:500. Rat anti-Bcd antibodies were diluted to 1:100.
Mouse Eve monoclonal antibodies were used at 1:2 dilution. Secondary antibodies were biotinconjugated goat anti-rat IgG or anti-mouse IgG antibodies (1:500, Cappel). The secondary antibodies were visualized with the Vectastain ABC system (Vector Laboratories) and Sigma Fast 3, 3′-diaminobenzidine tablet sets (Sigma). Anterior is to the left and dorsal is to the top. The bar in (h) corresponds to 100 µm. 
Supplementary material
Detailed analysis of the semi 2858 allele, figures showing a UBC9 northern blot, cuticle patterns in l(2)05486 embryos and an alignment of E2 enzymes of the Ubc9 family, and additional methodological detail are published with this paper on the internet. The Drosophila semushi mutation blocks nuclear import of Bicoid during embryogenesis Janet L. Epps and Soichi Tanda Current Biology 9 November 1998, 8:1277-1280
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The allele semi 2858 is a regulatory mutation of the Drosophila ubc9 gene
The allele l(2)02858, which we renamed as semi 2858 , is the result of a P-element insertion positioned between two genes, the Drosophila ubc9 gene and the u-shaped (ush) gene. The element is located 3′ to the coding sequences of each of these genes. The distances from the putative polyadenylation signals of the ubc9 and the ush genes are 560 bp and 473 bp, respectively; despite the distance from the ubc9 coding sequence, semi 2858 affects ubc9 rather than ush. This conclusion is based upon the following observations. First of all, the embryonic cuticle phenotypes observed in semi 2858 and alleles of ush are distinctly different from each other. Second, semi 2858 complements ush IIA102 , a null allele of the ush gene. Lastly, the level of the ubc9 transcript in semi embryos is significantly reduced in comparison with that of wild-type embryos ( Figure S1 ).
In addition to the rescue of the semi 2858 mutation by injection of RNA from a ubc9 cDNA clone (LD12093) and the isolation of a viable revertant allele after the complete excision of the P element (see main text), we conducted a series of genetic experiments to demonstrate that semi 2858 is a mutation of the ubc9 gene. An allele of the Drosophila ubc9 gene, l(2)05486, is also listed in FlyBase and BDGP. This allele is the result of a P-element insertion in the 5′ untranslated region of this gene, thus it is likely to be a strong lossof-function mutation of the ubc9 gene. Unexpectedly, these
Supplementary material
Figure S1
The reduced level of the ubc9 transcript in semi mutant embryos. The top panel shows the level of the ubc9 mRNA in the wild-type (WT) embryo and in a semi 118 (an excision allele of semi 2858 ) embryo without its maternal contribution. The northern blot was hybridized with LD12093 as a probe, which recognized a 1.2 kb transcript. The size of this transcript agrees with the length of the ubc9 coding sequence, and 5′ and 3′ untranslated regions. In the lower panel, the levels of 18S rRNA are shown as a loading control for the total RNA of wildtype and semi 118 mutant embryos. Although lanes were not loaded equally, it is obvious that the amount of the ubc9 transcript in the semi lane is much lower than that in the wild-type control lane. two alleles complement each other to some extent. This observation is probably due to intra-allelic complementation. There is a strong genetic interaction between these two alleles, however, indicating that they are actually alleles of the same gene. In contrast, there was no similar genetic interaction observed between semi 2858 and ush IIA102 .
The percent hatchability of embryos produced from a cross between semi 2858 and l(2)05486 was 75%, but 90% hatchability was observed in embryos from a cross between semi 2858 and ush IIA102 . In addition, we observed several semushi-like cuticle patterns among dead embryos from crosses between l(2)05486 and semi 2858 (including its excision alleles) as well as among l(2)05486 embryos ( Figure S2 ). Furthermore, we observed Bcd protein retained in the cytoplasm in the l(2)05486/semi 2858 and l(2)05486 embryos (data not shown).
In order to find an allele that fails to complement both alleles, we conducted complementation analysis of semi 2858 with 88 excision alleles of l (2)05486, and complementation analysis of l(2)05486 with 51 excision alleles of semi 2858 . Out of the 139 alleles tested, two excision alleles of semi 2858 had 58% and 52% viability when crossed with l(2)05486. Interestingly, there were many heterozygous offspring observed with visible abnormalities of the legs, wings and eyes ( Figure S2 ). These lines of evidence strongly suggest that these two lethal mutations are alleles of the Drosophila ubc9 gene. In particular, semi 2858 is likely to be a regulatory mutation of this gene and might specifically affect transcription of this gene during early Drosophila embryogenesis. Taking all our results together, we conclude that semi 2858 is a mutation of the Drosophila ubc9 gene.
Supplementary materials and methods
The semi germline clones were produced as described [S1]. Information about all stocks used in this work is available from FlyBase (http://flybase.bio.indiana.edu:7083). For immunohistochemistry, embryos were stained with primary antibodies as described [S2] . Confocal images were taken with BioRad confocal microscope Model 1024 and processed using Adobe Photoshop. To examine expression patterns of semi, the embryos at a syncytial blastoderm stage were hybridized with semi genomic DNA as a probe using the method of Tautz and Pfeifle [S3] .
S2 Supplementary material
Figure S3
Identities among E2 enzymes of the Ubc9 family. Semushi and UbcD6 are both Drosophila E2 enzymes. The species names of the other E2 enzymes are listed on the left and the number of amino acids are shown to the right. UbcD6 has 39% identity to Semi. Dots and letters in lower case indicate amino acids identical or chemically similar, respectively, to those of Semi. The ubiquitin conjugation consensus sequence identified by Prosite (http://www.biochem.ucl.ac.uk/bsm/ adbrowser/jj/scanpsjj.html) is in red, but this consensus is likely to be the SUMO-1-conjugating site in E2 enzymes of the Ubc9 family. SUMO-1 and ubiquitin form a thioester bond with the cysteine that is labeled in blue. Asterisks indicate amino-acid residues that are identical or chemically similar among the E2 enzymes compared. Dashes indicate gaps inserted in the UbcD6 sequence so that it is aligned optimally with other E2 enzymes. Accession numbers used are the following: P50550 (human), O09181 (golden hamster), U88561 (Xenopus), P40984 (fission yeast), P50623 (budding yeast), M63792 (UbcD6). 
